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Intrarenal angiotensin and bradykinin peptide levels in the and shrunken [2, 3]. Away from this area is the intact
remnant kidney model of renal insufficiency. portion of the kidney, which excretes the solute and
Background. The remnant kidney model of renal failure is water load for the animal. This “intact” portion contains
associated with normal or suppressed plasma renin and angio-
nephrons that are hypertrophied but otherwise initiallytensin (Ang) II levels when hypertension is established. How-
normal. With time, progressive injury develops in theever, the hypertension responds to angiotensin-converting
enzyme (ACE) inhibition and Ang II receptor antagonism, hypertrophied nephrons. It has been suggested that the
suggesting a role for Ang II in the hypertensive process. Brady- poorly perfused nephrons in the peri-infarct portion are
kinin (BK) is a potent vasoactive peptide that may also partici- important in contributing to progressive injury in the
pate in this model.
rest of the kidney, as reduction of renal mass by otherMethods. Ang II and BK peptides were measured in the
means than infarction produces less elevation of bloodischemic peri-infarct portion and the intact portion of the rem-
pressure and renal injury [2–5]. In addition to the eleva-nant kidney at two, five, and seven weeks after surgery. Plasma
Ang II, renin, angiotensinogen, and aldosterone levels were tion of systemic blood pressure, glomerular capillary
also measured. pressure begins to rise by 2 weeks [6] and remains high
Results. Ang II levels in the peri-infarct portion were higher through 18 weeks [7, 13]. Blood pressure in the renalthan in the intact portion at all time points and were higher
ablation model can be normalized by angiotensin-than in sham-operated kidney at two weeks. Ang II levels in
converting enzyme (ACE) inhibition or by angiotensinthe intact portion were similar to the levels in kidneys of sham-
operated rats at two and five weeks and were suppressed at (Ang) type 1 (AT1) receptor blockade [7, 8]. Normaliza-
seven weeks. BK levels were increased in the peri-infarct por- tion of blood pressure by either means normalizes glo-
tion at all time points and in the intact portion at two and five merular capillary pressure and largely prevents progres-weeks. Plasma Ang II and aldosterone levels were also elevated
sive kidney injury in the remnant kidney model [7, 8].at two weeks.
These findings suggest that Ang II promotes systemicConclusions. Peri-infarct renal tissue Ang II levels and plasma
Ang II and aldosterone levels increase transiently during the and glomerular capillary hypertension and remnant kid-
evolution of hypertension in the remnant kidney model. Sus- ney injury following renal ablation. The site(s) at which
tained hypertension is associated with an increase in intrarenal Ang II acts to produce these effects, however, has notBK levels but not with persistent increases in intrarenal or
been fully defined. Previous studies have found that cir-circulating Ang II levels.
culating renin and Ang II levels are not elevated in rats
subjected to renal ablation [7, 9]. Ang II levels in the
kidney and other tissues, however, may change, whileRemoval of one kidney and partial infarction of the
circulating Ang II levels remain normal [10]. We soughtremaining kidney in rats provides a frequently used
to determine whether the functioning nephrons in themodel of hypertension and renal insufficiency [1]. The
remnant kidney are exposed to high Ang II levels. Kid-area of infarcted kidney involutes with time, but is sur-
ney Ang II levels and other components of the circulat-rounded by surviving nephrons that are hypoperfused
ing and intrarenal renin-angiotensin-aldosterone system
(RAAS) were measured in the intact and peri-infarct
portions of the remnant kidney. Measurements wereKey words: hypertension, kidney failure, vasoaction, renin, peri-infarct
renal tissue. taken early after renal ablation (at 2 weeks) and at two
later time points (5 and 7 weeks), when hypertensionReceived for publication May 23, 2000
is fully established but while injury in hypertrophiedand in revised form October 2, 2000
Accepted for publication October 30, 2000 nephrons is mild [13], in order to profile the development
of hypertension in this model.Ó 2001 by the International Society of Nephrology
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Bradykinin (BK) is a potent vasodilatory hormone Measurement of angiotensin and bradykinin peptides
with both hypotensive and inflammatory properties [11]. Pieces of fresh kidney were immediately homogenized
Increased kidney BK-(1-9) levels have recently been de- in 10 mL of 4 mol/L guanidine thiocyanate/1% trifluoro-
scribed in experimental diabetes [12], another model in acetic acid. After centrifugation, the supernatant was
which high glomerular capillary pressure is reduced by applied to Sep-Pak C18 cartridges (Waters Chromatog-
inhibition of Ang II activity. We therefore measured raphy, Milford, MA, USA) and extraction, and subse-
BK-(1-9), the major kinin peptide in rat kidney and its quent processing was performed as described previously
metabolite BK-(1-7) in the remnant kidney at the same [15]. The dried Ang and BK peptides were acetylated
three time points. before high-performance liquid chromatography (HPLC)
and subsequent N-terminal–directed radioimmunoassay.
Data were corrected for recovery as reported previouslyMETHODS
[16]. Trunk blood for plasma Ang I and Ang II was
Male Munich Wistar rats weighing 250 to 300 g were collected into tubes containing 0.5 mL inhibitor solution
subjected to 5/6 renal ablation or to sham operation. [1 mmol/L renin inhibitor acetyl-His-Pro-Phe-Val-Sta-
Renal ablation was accomplished by removal of the right Leu-Phe-NH2 [17], 146 mmol/L pepstatin, 50 mmol/L
kidney and ligation of the arterial branches supplying 1,10 phenathroline, 125 mmol/L ethylenediaminetetra-
two thirds of the left kidney as previously described [13]. acetic acid (EDTA), 2 g/L neomycin sulfate, 2% di-
Sham operation consisted of laparatomy and manipula- methyl sulfoxide, and 2% ethanol]. After centrifugation,
tion of the renal pedicles. Animals were maintained on the plasma was immediately extracted with Sep-Pak C18
standard laboratory rat chow containing 22.5% protein, cartridges, and dried samples were processed as de-
1.08% potassium, and 0.28% sodium. Rats in both scribed for the kidney samples.
groups were killed by decapitation at two, five, and seven
weeks after operation. Decapitation was performed by Measurement of PRA, angiotensinogen,
and aldosteronethe same operator and at the same time of day in each
group of rats. Trunk blood was first collected, and the Trunk blood was collected into heparinized tubes, cen-
kidneys were then rapidly removed for tissue hormone trifuged at 1600 3 g, and stored at 2408C until analysis.
analysis. Remnant kidneys were cut with a razor blade Ten microliters of 0.5 mol/L EDTA, 8 mg of dimercaprol,
into three weighed pieces prior to analysis. One piece and 0.3 mg of 8 hydroxyquinoline were added to plasma
(denoted the “intact portion” and averaging 29 6 3% of samples before PRA measurement to inhibit angioten-
the remnant kidney weight) included only tissue distant sinases. PRA was measured by the generation of Ang I
from the infarct borders. A second piece (denoted the after three hours of incubation at 378C and subsequent
“peri-infarct portion” and averaging 27 6 4% of the radioimmunoassay using a commercially available kit
remnant kidney weight) was cut to include the infarct and (NEN Life Sciences, Boston, MA, USA). To measure
its borders. The third piece (consisting of the remaining plasma angiotensinogen, 2 mg of hog renin (Sigma Chem-
kidney tissue and averaging 44 6 6% of the remnant icals, St. Louis, USA) were added to 25 mL of plasma
kidney weight) was discarded. The purpose of dividing in addition to 50 mL of 0.5 mol/L EDTA, 8 mg of dimer-
the remnant kidney was to separate areas of high and caprol, and 0.3 mg of 8 hydroxyquinoline to inhibit angio-
low renin content as described by Correa-Rotter et al tensinases. Samples were incubated for one hour at 378C,
[14]. Sham kidneys were also divided with a razor blade, and the amount of Ang I generated in the sample was
but only one piece that averaged 35 6 4% of the total measured by radioimmunoassay using a kit from NEN
kidney weight was processed. In rats killed at two weeks Life Sciences. Aldosterone was measured by radioimmu-
(N 5 7 remnants, N 5 8 shams) and seven weeks (N 5 noassay using a commercially available kit (Coat-A-Count;
7 remnants, N 5 7 shams), Ang and BK were measured in Diagnostic Products Corporation, Los Angeles, CA,
kidney tissue, and angiotensinogen, plasma renin activity USA). Kidneys for renin analysis were cut in a similar
(PRA), Ang peptides, and aldosterone were measured manner into peri-infarct and intact portions as described
in the plasma. In one subgroup of rats killed at five weeks previously in this article. They were then homogenized
(N 5 19 remnants, N 5 17 shams), Ang and BK peptides in a protease inhibiting buffer containing EDTA, dimer-
were measured in kidney tissue, and angiotensinogen, caprol, phenylmethylsulfonyl fluoride, 8-OH-quinolinol
PRA, Ang peptides, and aldosterone were measured in sulfate, and ammonium acetate. Kidney renin concentra-
the plasma. In a second subgroup of rats killed at five tion was measured in the supernatant of the kidney ho-
weeks (N 5 6 remnants, N 5 7 shams), renin was mea- mogenates after performing three freeze thaw cycles and
sured in the kidney tissue, and PRA and aldosterone a 1:1000 dilution with protease inhibiting buffer. They
were measured in the plasma. Values for blood pressure were then incubated at 378C for two hours with excess
renin substrate in the form of nephrectomized rat plasma.and proteinuria in the two subgroups were not different.
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Table 1. Body weight, systolic blood pressure, and proteinuria oped marked hypertension that was present by two
weeks after ablation and was accompanied by increasingSBP UproteinV
DBW g mm Hg mg/day proteinuria.
2 Weeks
Sham 1065 14564 1361 Plasma renin, angiotensinogen, Ang peptides,
Remnant 22462a 194611a 111612a and aldosterone
5 Weeks
Sham 4463 14362 1561 Measurements of circulating RAAS components are
Remnant 1665a 19165a 170613a summarized in Table 2. Plasma angiotensinogen concen-
7 Weeks
tration and renin activity were no different in rats withSham 6267 14863 2262
Remnant 3767a 21767a 223624a renal insufficiency and normal controls at two weeks
Two-way ANOVA P values after operation. There was a highly significant interaction
Time effect 0.0001 0.03 0.002
between remnant and sham rats and time for plasmaRemnant surgery effect 0.0001 0.0001 0.0001
Interaction NS NS 0.009 Ang levels. Plasma Ang I and Ang II levels were elevated
at two-weeks post-renal ablation surgery, and there wasValues are mean 6 SEM. Abbreviations are: BW, body weight; SBP, systolic
blood pressure; UproteinV, urine protein excretion; NS, not significant. also a marked increase in plasma aldosterone concentra-
a P , 0.05 remnant vs. sham value
tion. Sustained hypertension over five to seven weeks
was associated with a different pattern of circulating
RAAS activity. Angiotensinogen concentrations were
again similar in rats with renal insufficiency and controls,Radioimmunoassay of Ang I generation was performed
using a NEN Life Sciences kit. although somewhat higher in the cohort of rats studied
at seven weeks than in rats studied at earlier intervals.Systolic blood pressure and urine protein excretion
were measured prior to decapitation in each group of PRA and plasma Ang I levels were suppressed in rats
with renal insufficiency as compared with controls at fiverats. Systolic blood pressure was determined as the mean
of five individual measurements made using the tail-cuff and seven weeks. However, plasma Ang II levels were
no different from control values at five and seven weeks.method. Urine protein excretion was determined as the
mean of measurement on two 24-hour urine collections Plasma Ang II values were quite variable at seven weeks,
reflecting the finding of high values in one rat in eachassayed with the Coomassie blue method. Blood pres-
sure was measured two days prior to decapitation and group at this time point. The pattern of these results was
not different if these values were discarded, with theproteinuria from six to four days prior to decapitation.
Measurements were performed at the same time of day mean plasma Ang II levels remaining numerically but
not significantly lower in remnant than in sham animalsfor all animals.
(remnant 14 6 5 fmol/mL, sham 27 6 4 fmol/mL). Aldo-
Statistical analysis sterone levels in rats with renal insufficiency, which were
markedly increased at two weeks, were no longer in-Data are presented as means 6 SEM. The effects of
remnant surgery and time after surgery were analyzed creased at five and seven weeks.
in all groups by two-way analysis of variance (ANOVA),
Kidney angiotensin peptidesand then contrasts between remnant and sham rats were
performed at two-, five-, and seven-weeks postsurgery. The concentrations of Ang peptides observed in renal
tissue are depicted in Figure 1. Analysis by two-wayComparisons between peri-infarct and intact portions
of the remnant kidney were performed by repeated- ANOVA is presented in Table 3. When the peri-infarct
and intact portions of the remnant kidneys were com-measures ANOVA. Logarithmic transformation of the
data was performed when required to obtain similar vari- pared, both Ang II and Ang I levels were elevated in
the peri-infarct portion with statistically significant in-ances between groups. The software package Super-
ANOVA (Abacus Concepts, Inc., Berkeley, CA, USA) creases in Ang II levels at two, five, and seven weeks,
and in Ang I levels at five weeks.was used for analyses. A P value of , 0.05 was considered
statistically significant. The relationship between Ang levels in remnant and
sham kidneys varied with time following surgery (Fig. 1).
When the peri-infarct portion of remnant kidneys was
RESULTS
compared with sham kidneys, there was a significant inter-
Body weight, blood pressure, and proteinuria action between group and time for Ang II, and Ang II
levels were higher in the peri-infarct region than in shamValues for body weight, systolic blood pressure, and
urine protein excretion are summarized in Table 1. Rats kidneys at two weeks, but were no different from sham at
five and seven weeks. Two-way ANOVA showed highersubjected to renal ablation suffered early weight loss and
exhibited less weight gain than sham-operated animals. Ang I levels in the peri-infarct portion than in sham
kidneys, although separate analyses at two, five, andAs expected, rats subjected to renal ablation also devel-
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Table 2. Components of the circulating renin-angiotensin-aldosterone system (RAAS)
Ang I Ang II
Angiotensinogen PRA Aldosterone
ng/mL ng/mL/h fmol/mL pg/mL
2 Weeks
Sham 916658 4.660.9 662 1364 160666
Remnant 10396194 3.760.8 1463a 39612a 6096189a
5 Weeks
Sham 899676 2.160.4 1562 2462 126624
Remnant 1103667 0.660.1a 1062a 27614 142643
7 Weeks
Sham 12786128 2.260.3 1865 98671 104663
Remnant 15486162 0.760.2a 661a 31617 42615
Two-way ANOVA P values
Time effect 0.002 0.0001 NS NS 0.0005
Remnant surgery effect NS 0.0001 NS NS NS
Interaction NS 0.03 0.0001 0.01 0.02
Values are mean 6 SEM. Abbreviations are: PRA, plasma renin activity; Ang I, angiotensin I; Ang II, angiotensin II.
a P , 0.05 remnant vs. sham value
neys, with lower levels in the intact portion at two weeks
postsurgery.
Kidney bradykinin peptides
The concentrations of BK peptides observed in renal
tissue are depicted in Figure 2. Analysis by two-way
ANOVA is presented in Table 3. When the peri-infarct
and intact portions of the remnant kidneys were com-
pared, both BK-(1-7) and BK-(1-9) levels were elevated
in the peri-infarct portions, with statistically significant
increases in BK-(1-7) levels at two, five, and seven weeks
(Fig. 2B) and in BK-(1-9) levels at two weeks (Fig. 2A).
When the peri-infarct portion of remnant kidneys was
compared with sham kidneys, both BK-(1-7) and BK-
(1-9) levels were higher in the peri-infarct portion with
increased BK-(1-7) and BK-(1-9) levels at two, five, and
seven weeks postsurgery (Fig. 2). When the intact por-
tion of remnant kidneys was compared with sham kid-
neys, both BK-(1-7) and BK-(1-9) levels were higher in
the intact portion, with increased BK-(1-7) and BK-(1-9)
levels at two and five weeks postsurgery.
Fig. 1. Kidney levels of angiotensin (Ang) II (A) and Ang I (B) from
sham operated rats (h), the intact portion of the remnant kidney ( ), Kidney renin content
and the peri-infarct portion of the remnant kidney (j). Values are
Kidney renin content was similar for the peri-infarctexpressed as means 6 SEM. *P , 0.05 remnant vs. sham value for
corresponding time period; †P , 0.05 peri-infarct portion vs. intact portion of remnant kidney and sham kidney (24 6 2 vs.
portion of the remnant kidney for corresponding time period. 23 6 2 mg Ang I/g/hour) and was markedly suppressed
in the intact portion of the remnant kidney (2 6 0.5 mg
Ang I/g/hour, P , 0.0001) at five weeks postsurgery.
seven weeks did not show statistically significant differ-
ences between peri-infarct portion and sham kidney. DISCUSSION
When the intact portion of remnant kidneys was com- The contribution of the RAAS to the development of
pared with sham kidneys, Ang II levels in the intact hypertension in the remnant kidney model was assessed
portion were lower than in sham kidneys with a signifi- in this study. Functioning nephron number was reduced
cant interaction between group and time, and Ang II to approximately one-sixth normal by removal of one
levels were reduced in the intact portion at seven weeks kidney and partial infarction of the other. As expected,
(Fig. 1A). Ang I levels were significantly different be- hypertension developed within two weeks of nephron
ablation. Plasma measurements showed that elevationtween intact portion of remnant kidneys and sham kid-
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Table 3. Two-way ANOVA of renal angiotensin and
bradykinin peptides
Ang II Ang I BK-(1-9) BK-(1-7)
Comparison of peri-infarct vs. intact
portions of remnant kidney
Time effect NS 0.0001 NS NS
Kidney region effect 0.0001 0.0003 0.0005 0.0001
Interaction NS NS NS NS
Comparison of peri-infarct portion of
remnant kidney vs. sham kidney
Time effect 0.0001 0.0009 0.0001 0.0002
Kidney region effect NS 0.03 0.0001 0.0001
Interaction 0.04 NS NS NS
Comparison of intact portion of remnant
kidney vs. sham kidney
Time effect 0.0001 0.0001 0.0002 0.003
Kidney region effect 0.0001 0.049 0.0001 0.0001
Interaction 0.0007 NS NS NS
Abbreviations are: Ang, angiotensin; BK, bradykinin; NS, not significant.
circulating renin could be related to tissue generation of
the peptides and/or reduced Ang peptide clearance in
the setting of renal insufficiency [19]. Rats studied at two
weeks after ablation also had a pronounced increase
in circulating aldosterone levels. A similar increase in
aldosterone levels was described by Greene, Kren, and
Hostetter and shown by them to be a major contributor
to high blood pressure at this stage of experimental renal
insufficiency [20].
Hypertension at five to seven weeks after ablation was
no longer associated with an increase in any component
of the circulating RAAS. PRA values were lower in
rats with renal insufficiency than in sham-operated rats.
Plasma Ang I levels were suppressed, and Ang II levels
were no different in sham-operated rats. These findings
are in accord with previous studies showing that sus-
tained hypertension in renal ablated rats is not associated
with elevation of circulating renin or Ang II levels [21].
In addition, the current study found that the increase inFig. 2. Kidney levels of bradykinin BK-(1-9) 1-9 (A) and BK-(1-7) (B)
from sham-operated rats (h), the intact portion of the remnant kidney plasma aldosterone level observed at two weeks follow-
( ), and the peri-infarct portion of the remnant kidney (j). Values
ing renal ablation was not sustained. The increasedexpressed are means 6 SEM. *P , 0.05 remnant vs. sham value for
corresponding time period; †P , 0.05 peri-infarct portion vs. intact plasma aldosterone levels at two weeks may have been
portion of the remnant kidney for corresponding time period. due to the aldosterone-stimulating effects of increased
circulating Ang II at this time. An alternative mechanism
suggested by Ibrahim and Hostetter is that high potas-
sium levels contribute to the increase in aldosterone pro-of blood pressure at two weeks was associated with in-
duction early after ablation [22]. Improved potassiumcreased levels of Ang I and Ang II. Plasma renin and
tolerance caused by remnant nephron hyperfiltration andangiotensinogen levels at this interval were not higher in
enhanced tubular potassium secretion may lessen therats with renal insufficiency than in normal rats. Previous
stimulus to aldosterone production later in the coursestudies have demonstrated an increase in plasma renin
of experimental renal insufficiency [23].at earlier time points in the remnant model [9, 18] and
Angiotensin II levels in the peri-infarct portion wereno dissociation between plasma renin and Ang II levels
higher than in the intact portion of the remnant kidneyat one week [9]. As there was no difference in the plasma
at all time points studied. Increased Ang II levels in theAng II/Ang I ratio between remnant and sham rats at
peri-infarct portion may be explained by increased renintwo weeks (data not shown), the presence of higher levels
of Ang I and Ang II in the absence of an increase of production by hypoperfused nephrons in this region
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[2, 3]. These nephrons are thought to cease filtering but Indeed, the circulating Ang II levels observed in the
remnant kidney rats may be inappropriately high consid-to continue producing renin, which would account for
the finding that renin content was not suppressed in the ering the elevated blood pressure, ECF volume, and
atrial naturetic peptide levels found in these animals [9].peri-infarct portion, whereas it was suppressed in the
intact portion of the remnant kidney [21, 24]. Another possibility is that the effect of Ang II is facilita-
tive and that hypertension in renal insufficiency is dueThe intact portion of the remnant kidney excretes the
solute and water load for the remnant kidney animal, to increased activity of some other factor, such as renal
nerve activity, which requires Ang II for its full expres-and therefore, sodium excretion per nephron may be
increased by fivefold to sixfold. This portion showed sion [30]. A related possibility is that the primary distur-
bance is a reduction in the activity of some natureticmarked dissociation between renin and Ang II levels.
Ang II levels were similar to levels in sham-operated and/or vasodilator substance, which leaves the sodium
retaining and pressor effects of Ang II unopposed. Thekidney at two and five weeks and were 50% of levels in
sham-operated kidney at seven weeks, whereas renin ability of normal Ang II levels to cause hypertension in
this manner has recently been demonstrated by Verha-levels were markedly suppressed.
The remnant kidney model produces greater elevation gen et al [30]. They showed that circulating and intrarenal
Ang II levels are normal in rats with hypertension causedof blood pressure and injury to surviving nephrons than
alternative methods of reduction of renal mass [3–5], by chronic nitric oxide synthetase inhibition and that
Ang II receptor blockade reduces blood pressure in thesesuggesting that the peri-infarct portion may contribute
to the development of hypertension in this model. Our animals. Finally, it is possible that an increase in the Ang
II level at some important local site is not detected whendata suggest that the mechanism of hypertension in the
remnant kidney model may be similar to that operating measurements are made in homogenized kidney tissue.
It should be noted that intrarenal Ang II levels expressedin the two-kidney, one-clip (2K1C) Goldblatt model of
hypertension. In the 2K1C model, the unclipped kidney as fmol/g have consistently been found to be higher than
circulating Ang II levels expressed as fmol/mL. Somemust excrete the majority of the sodium load so that
sodium excretion per nephron is increased by approxi- parts of the kidney thus contain large amounts of Ang
II, but it remains unclear how much Ang II is presentedmately twofold. The early stage of the 2K1C Goldblatt
model is characterized by an initial increase in circulating to receptors on individual structures [31, 32]. It should
be noted that Ang II levels increased in the sham-oper-renin and Ang II levels, followed by suppression of circu-
lating renin and Ang II levels below normal between ated rats with time so that Ang II levels in the intact
portion of the remnant kidney at seven weeks were re-two- and four-weeks postsurgery [25]. After three weeks,
kidney renin was elevated in the clipped kidney and duced when compared with sham. This change occurred
despite using the same animal strain, surgeon, diet, andmarkedly suppressed in the unclipped kidney [26]. In
contrast, Ang II levels are not suppressed in the un- procedure for obtaining specimens. The reason for the
increase is therefore not clear. The results at sevenclipped kidney [26]. Guan et al [27] and Von Thun et al
[28] found that Ang II levels are increased by approxi- weeks, however, are consistent with those at five weeks
in showing that hypertension in renal ablated rats wasmately 40% above normal in the unclipped kidney at 15
to 25 days postsurgery, and the findings of Zou et al not associated with an increase in Ang II levels in the
intact portion of the kidney.suggest that the maintenance of Ang II levels in the un-
clipped kidney may be due to renal uptake of circulating The current study found that levels of BK-(1-9) were
markedly increased throughout the remnant kidney. ThisAng II by an AT1 receptor-mediated mechanism [29].
These authors proposed that the maintenance of Ang II increase was observed at all time points in the peri-
infarct portion and at two and five weeks in the intactlevels in the unclipped kidney may contribute to the devel-
opment of hypertension by impairing sodium excretion portion of the remnant kidney. Levels of the degradation
product BK-(1-7) paralleled those of the active hormoneby nephrons exposed to increased sodium load [27–29].
Similar to the unclipped kidney of the 2K1C Goldblatt BK-(1-9) in the intact portion, suggesting that increased
BK-(1-9) levels were the result of increased synthesismodel, the Ang II levels we measured in the intact por-
tion of the remnant kidney, while numerically no greater and not impaired degradation. The effect of increased
BK-(1-9) levels on remnant kidney function remains tothan normal, may impair sodium excretion by nephrons
exposed to a fivefold to sixfold increase in sodium load. be assessed. Studies in animals with intact kidneys, how-
ever, have suggested that BK facilitates sodium excretionThis hypothesis, while appealing, is not the only possible
explanation for the finding of normal Ang II levels in and mitigates hypertension caused by maneuvers, which
increase ECF volume. These studies have shown thatanimals whose high blood pressure can easily be normal-
ized by Ang II blockade. One alternate possibility is that genetic disruption of the BK B2 receptor increases blood
pressure in mice subjected to salt and mineralocorticoid“normal” circulating levels of Ang II have a pressor
effect when extracellular fluid volume (ECF) is high. loading [33, 34]. Pharmacologic blockade and genetic
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limited renal infarction in the rat. Am J Physiol 254:F856–F862,disruption of the B2 receptor have also been shown to
1988
exacerbate 2K1C Goldblatt hypertension [35]. Recently, 4. Griffin KA, Picken M, Bidani A: Method of renal mass reduction
increased BK levels have been observed in the intact is a critical modulator of subsequent hypertension and glomerular
injury. J Am Soc Nephrol 4:2023–2031, 1994kidney of the closely related Grollman model, in which
5. Ibrahim HN, Hostetter TH: The renin-aldosterone axis in two
hypertension develops after one kidney is constricted by models of reduced renal mass in the rat. J Am Soc Nephrol 9:72–76,
a ligature [36]. These findings suggest that intrarenal BK- 1998
6. Yoshida Y, Fogo A, Shiraga H, et al: Serial micropuncture analysis(1-9) may act to limit the increase in blood pressure
of single nephron function in subtotal renal ablation. Kidney Intfollowing renal ablation. Other actions of BK-(1-9), how- 33:855–867, 1988
ever, could have adverse effects on the remnant kidney. 7. Anderson S, Rennke HG, Brenner BM: Therapeutic advantage
of converting enzyme inhibitors in arresting progressive renal dis-BK could contribute to remnant kidney injury by its
ease associated with systemic hypertension in the rat. J Clin Investnonhemodynamic actions, including mesangial cell pro- 77:1993–2000, 1986
liferation and collagen production [37]. It should be 8. Lafayette RA, Mayer G, Park SK, et al: Angiotensin II receptor
blockade limits glomerular injury in rats with reduced renal mass.noted that renal injury may complicate the interpretation
J Clin Invest 90:766–771, 1992of BK levels in the remnant kidney as inflammation 9. Jackson B, Hodsman P, Johnston CI: Changes in the renin-angio-
associated with injury could increase BK production. tensin system, exchangeable body sodium, plasma and atrial con-
tent of atrial naturetic factor during evolution of chronic renalMorphologic studies have revealed significant inflam-
failure in the rat. Am J Hypertens 1:298–300, 1988mation near areas of infarction, but little inflammation 10. Campbell DJ, Lawrence AC, Towrie A, et al: Differential regula-
in the intact portion of the kidney over the first several tion of angiotensin peptide levels in plasma and kidney of the rat.
Hypertension 18:763–773, 1991weeks after renal ablation. Inflammation may conceiv-
11. Bhoola KD, Figueroa CD, Worthy K: Bioregulation of kinins:ably have contributed to the increase in BK levels in the Kallikreins, kininogens, and kininases. Pharmacol Rev 44:1–80,
peri-infarct portion, but presumably did not cause the 1992
12. Campbell DJ, Kelly DJ, Wilkinson-Berka JL, et al: Increasedincrease in BK levels in the intact portion.
bradykinin and “normal” angiotensin peptide levels in diabeticIn conclusion, reduction of renal mass by partial renal Sprague-Dawley and transgenic (mRen-2)27 rats. Kidney Int
infarction is followed by an early increase in Ang II in 56:211–221, 1999
13. Meyer TW, Anderson S, Rennke HG, et al: Reversing glomerularthe peri-infarct portion of the kidney, which is associated
hypertension stabilizes established glomerular injury. Kidney Intwith an increase in plasma Ang II levels. Sustained hy-
31:752–759, 1987
pertension, however, is not associated with increases in 14. Correa-Rotter R, Hostetter TH, Manivel JC, et al: Renin ex-
pression in renal ablation. Hypertension 20:483–490, 1992intrarenal or circulating Ang II levels. The respon-
15. Campbell DJ, Kladis A, Duncan A-M: Bradykinin peptides insiveness of hypertension in this model to Ang blocking
kidney, blood and other tissues of the rat. Hypertension 21:155–165,
agents is thus not attributable to exposure of remnant 1993
16. Campbell DJ, Kladis A, Duncan A-M: Nephrectomy, convertingfunctioning nephrons to high levels of Ang II. This model
enzyme inhibition and angiotensin peptides. Hypertension 22:513–was also associated with increases in BK peptide levels
522, 1993
in both the peri-infarct and intact portions of the remnant 17. Hui KY, Holtzman EJ, Quinones MA, et al: Design of rat renin
kidney that may promote sodium excretion and contrib- inhibitory peptides. J Med Chem 31:1679–1686, 1988
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